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Abstract—A solid rotor sector motor is a type of induction 
motor with a segmented stator  rather than a ring-shaped or 
linear one. The operating principle and parasitic end effects are 
similar to those of a linear induction motor (LIM). A 2D finite 
element method model (2D FEM) including the 3D end effects is 
developed to calculate the torque and field distribution. A 
comparison with measurements is given and the simulation 
results are found to be a good prediction of the actual torque 
characteristics. 
 
Index Terms—End effects, 2D finite element method, solid 
rotor induction motor, sector motor. 
 
I. INTRODUCTION 
A sector motor can be categorized as a three-phase 
induction motor, but instead of a conventional ring-shaped 
stator it has a segmented one.  The fundamental structure of a 
sector motor is shown in Fig. 1. The solid steel rotor is 
separated from the laminated stator segment by a small airgap. 
Slots in the stator contain a three-phase winding that can be 
derived from a conventional induction motor winding by 
bending it open to form an arc. The axial length of the motor 
is in most cases relatively small compared to the diameter. 
 
 
Fig. 1.  Sector motor prototype with a solid steel ring-shaped rotor and a stator 
on the periphery with slots containing a three-phase winding.  
 
 
 
Based on the stator geometry, this type of machine can be 
situated in between a conventional ring-shaped induction 
motor and a linear induction motor (LIM). Hence, the working 
principle of a sector motor is roughly the same. A three-phase 
electrical system applied to the windings will build up a 
translating magnetic field in the airgap, inducing eddy currents 
in a thin layer under the rotor surface. The interaction between 
the rotor currents and the magnetic field leads to a torque on 
the rotor that forces it to rotate along with the field. Particular 
for a sector motor (and LIM in general) are the distortions of 
the field caused by the longitudinal end and transverse edge 
effects [1]. These effects are caused by the finite length and 
small width of the stator and will degrade the performance. 
Practical applications of a sector motor come in many 
forms. This type of motor is particularly suited for flywheel 
applications. The heavy solid flywheel is used directly as the 
rotor, with a segment stator on its periphery. Other possible 
applications of a sector motor or generator include ventilation 
and wind turbine devices. The turbine blades can be mounted 
directly inside the ring-shaped rotor with the stator and the 
bearings on its periphery. The ability of a sector motor to cope 
with load peaks, the lack of a mechanical transmission unit 
and the inherent lower costs and losses are the main 
advantages.  
This paper presents a 2D FEM model of a prototype sector 
motor. To improve the accuracy, it includes parameters to take 
into account the 3D resistance and inductance end effects of 
the stator and rotor. The torque and the particular field 
distribution distortions for different rotor speeds can be 
calculated with the model. Comparison with measurements 
validate the 2D FEM model. 
 
II. PREVIOUS WORK 
Previous work has been done to calculate the torque of a 
sector motor. Bolte [2] gives a 3-dimensional analytical 
method to solve the magnetic field equations and calculate the 
torque-slip characteristic. The calculation results are compared 
to measurements on a prototype (Fig. 1) and hold little error. 
Such 3D analysis is obviously very complicated and time 
consuming. It has lost its relevance, taking into account the 
possibilities of finite elements computing tools of today. 
Hameed and Belmans [3] give a 1-dimensional analysis of 
Bolte’s prototype motor that is much simpler. They make a 
number of simplifications, e.g. supposing axial rotor current, 
constant relative permeability and neglecting the magnetic 
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field outside the edges of the airgap. The calculated results do 
not tend to differ much from those of the more complicated 
3D Bolte method.   
 
III. FINITE ELEMENT ANALYSIS 
A. Motor Geometry and material properties 
In this paper the Bolte prototype [2] is simulated with a 2D 
FEM model. The main parameters of the studied sector motor 
are given in Table I. 
The 43 stator slots contain a 3-phase 2-layer chorded winding. 
This layout with a reduced coil pitch (y/τp=7/9) and 3 slots per 
pole per phase has reduced mmf harmonic content resulting in 
a smoother torque. Fig. 2 shows half of the total winding 
layout. Note that the first and last slots are only half filled. 
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Fig. 2.  ½ Layout of the 3-phase 2-layer chorded stator winding.  
 
 
The solid rotor material is ferromagnetic construction steel 
(DIN 17100 St37). For high model accuracy the rotor 
magnetic and electric properties must be known exactly. To 
take saturation effects into account the magnetic permeability 
can’t be assumed as a constant. The B,H-curve of the rotor 
material is shown in Fig 3. 
 
Fig. 3.  B,H curve of rotor material St37. 
 
The conductivity of the rotor is temperature dependent (Fig. 
4). The model rotor conductivity is adapted according to the 
measured rotor temperature in the prototype tests.  
 
Fig. 4.  Temperature dependent conductivity of rotor material St37. 
 
The stator material is laminated non-oriented silicon steel 
(M530-50A). The iron losses and magnetic properties are 
integrated in the model according to manufacturers data. 
 
B. Finite element model 
The fundamental equation, using the magnetic vector 
potential, of a 2-D magnetic field taking eddy currents, skin 
effect and movement into account, can be written as follows: 
 
  (1) 
 
With A being the magnetic vector potential, µ the 
permeability, σ the conductivity of the rotor, Js the current 
density in the stator windings and vx and vy the velocity 
components. The nonlinearity of the rotor and stator 
permeability is taken into account by their respective B,H-
curves. It is also important to consider the temperature 
dependency of the rotor conductivity σ. The electromagnetic 
field equations (1) are solved simultaneously with the circuit 
equations (2). These are used to model the sinusoidal power 
supply (voltage or current source) and to take the 3D stator 
end winding inductance and resistance into account.  
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TABLE I 
SECTOR MOTOR PARAMETERS 
Symbol Quantity Amount 
D1 Rotor outer diameter 0.995 m 
D2 Rotor inner diameter 0.825m 
D3 Stator diameter 1 m 
g Airgap depth 0.0025 m 
kc Carter factor 1.42 
Lx Rotor and stator axial length 0.17 m 
Ls Segment length 0.86 m 
bs Slot width 0.012 m 
hs Slot height 0.04 m 
h Stator  yoke height 0.05 m 
p Number of pole pairs 2 
q Number of slots per pole per phase 3 
T Total number of slots 43 
τp Pole pitch 0.18 m 
y Coil pitch 0.14 m 
τm Slot pitch 0.02 m 
N Effective turns per phase 108 
a Number of parallel wires 6 
dCu Copper wire diameter 0.0017 m 
 Winding connection Delta 
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Lend and Rend are the inductance and resistance of the end 
windings per phase. RFEM and  ψ are the winding resistance 
and the flux included in the FEM model. Note that Lenddi/dt 
represents the flux that is not included in the model. Fig. 5 
shows the described electrical circuit. Coil 1 to 3 contain the 
windings in the 2D FEM model that are situated in the stator 
slots. A description how to calculate the parameters that take 
the three-dimensionality of a sector motor  into account is 
given further on. 
Rend Coil 1 Lend
Rend Coil 2 Lend
Rend Coil 3 Lend
V1
V2
V3
2D FEM
 
Fig. 5.  External electrical circuit including the end winding parameters and 
the actual 2D FEM coils. 
 
The 2D finite element analysis is conducted using the 
commercial software package Magnet
TM
 from Infolytica. The 
entire geometry must be modeled as the sector motor is not 
periodically symmetrical due to the longitudinal end effect. 
Modeling only one pole pitch would not give accurate results.   
In order to enhance the accuracy of the calculations while 
reducing computing time, finer meshes are only used in the 
regions of interest like the airgap and rotor surface. The 
Dirichlet condition [4] is applied to the outside surface of the 
surrounding airbox. The moving rotor and stationary stator are 
separated by a thin band of air, the so-called remesh region 
(also known as the moving band). After each movement in a 
time step only the band of air needs to be remeshed instead of 
the whole model. This strategy dramatically reduces 
computing time. 
 
C. End winding parameters 
A good estimation of 3D parameters such as end winding 
resistance Rend and inductance Lend is essential to obtain 
accurate results in a voltage-driven system.  Notice that in a 
current-driven system these parameters are of no importance 
as the current i is imposed by the source. 
The best results would be obtained by directly measuring the 
inductance and resistance of the stator coils on the test motor. 
However, in this paper a good estimation is made by 
calculating these parameters with empirical formulas given by 
Boldea [1]. Symbols are declared in Table 1. 
 
 
(3) 
 
 (4) 
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D. Rotor end effects 
Due to the skin effects the rotor currents are forced to flow 
under a thin layer of the solid steel rotor. This type of rotor is 
often equipped with electrically high conductive end rings 
(copper or aluminum) to provide the rotor currents with a low 
resistance path to flow from one pole to another. This way, the 
apparent rotor resistance will be lower and the direction of the 
rotor currents inside the stator stack can be supposed axially.  
Bolte’s sector motor studied in this paper however is not 
equipped with end rings, so the rotor end fields will have a 
significant effect on the motor characteristics [5]. The non-
axial rotor currents in combination with the small motor length 
Lx cause a transversal edge effect [1], [6] resulting in a lower 
torque and a distortion along the z-direction of the flux 
distribution (Fig. 6). 
 
Fig. 6.  Airgap flux distribution with transversal edge effect due to non axial 
rotor-end currents (solid line). Compared to the ideal situation (dashed line) 
the airgap flux is lower which degrades the performance. 
 
 
The complex current distribution in the end regions of the 
rotor should be simulated with a full 3D finite element model 
containing the entire motor. Due to the high computation time 
of such a 3D analysis it is not practically feasible. In a 2D 
model however, the 3D rotor end effects can be represented by 
multiplying the conductivity of the rotor material with a 
corrective factor k (<1) in order to increase the apparent rotor 
resistance [5].  According to Russel [7] this factor can be 
calculated as: 
 
 (6) 
 
Calculating this factor for the Bolte sector motor prototype 
results in kRussel=0,392. The apparent specific rotor 
conductivity σ’ , with σ(T) the temperature dependent specific 
rotor conductivity is: 
 
 (7) 
 
Notice that the Russel factor only includes the resistive part of 
the rotor ends. The inductance of the solid rotor end regions is 
not taken into account in the elaborated 2D finite element 
model. 
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IV. RESULTS 
Although the model is perfectly suitable for voltage-driven 
simulations, the only available measurements [2] were 
recorded on a current-driven prototype. Hence, a current-
driven simulation for 20 and 50 A is carried out. The 
disadvantage of such analysis is that the stator end winding 
parameters (inductance and resistance) can not be validated. 
 
A. Synchronous speed 
In the transient simulations, the rotor is driven at a constant 
speed corresponding to the slip value in the considered 
operating point. According to the theory of ordinary 
asynchronous motors, the frequency f of the fundamental 
wave together with the pole pitch - radius ratio determines  the 
synchronous speed ns of a sector motor: 
 
 (8) 
 
For the geometry of the modeled Bolte prototype, the 
synchronous speed is approximately 343 rev/min.  
 
B. Flux density distribution 
Fig. 7 shows a magnetic flux plot for the nominal speed at 
slip = 0.175 and with phase current 50A. The rotor is rotating 
clockwise along with the travelling magnetic field and is 
driven into deep saturation (up to 1.9 Tesla). Also notice the 
penetration depth of the magnetic flux lines under the rotor 
surface which will be less for higher slip values as the skin 
effect increases with rotor frequency.  
 
 
 
Fig. 7.  Magnetic flux plot for I = 50A and slip = 0.175. 
 
The fundamental difference between a normal rotary induction 
motor and a sector motor (and linear induction motors in 
general) is the finite length of the magnetic circuit in the 
direction of the travelling field. This causes a longitudinal end 
effect due to ‘cutting off’ the travelling wave at each stator 
end. This effect weakens the magnetic flux density at the entry 
end and amplifies it towards the exit end [1], [6]. The higher 
the rotor speed, the stronger the influence of the longitudinal 
end effects which include parasitical braking forces and 
unbalanced phase currents. The physics behind these effects 
are rather complex. It is caused by an interference of flux 
density waves (the wave travelling with synchronous velocity, 
the echo waves at both ends and the waves generated by the 
rotor eddy currents) in combination with the step change for 
the reluctance at both stator ends.  
 
Fig. 8 shows the flux density curve along the middle of  the 
airgap corresponding to the nominal speed operating point. A 
combination of two effects is visible in this curve. The slots at 
both stator ends are only half-filled with windings causing a 
drop in flux density. The asymmetry in the curve is due to the 
longitudinal end effect; the flux density is weakened at the 
entry (+50 degr) and gradually amplified towards the exit end 
(-50 degr).  
 
 
Fig. 8.  Magnetic flux density in the airgap (I = 50A, slip = 0.175) showing 
the longitudinal end effect. 
 
 
C. Torque characteristics 
In order to calculate the slip-torque characteristics, transient 
simulations are carried out for a number of slip values from 0 
to 1. After the initial transient the torque reaches a steady-state 
regime with small periodical fluctuations at twice the supply 
frequency. Fig. 9 and 10 show the simulated (solid line) and 
measured (dashed line) torque values as a function of slip for 
phase currents 20 and 50 A. 
 
The obtained correlation in Fig. 9 between measurement and 
simulation is quite good, although the simulated torque is too 
optimistic at startup. This is due to the fact that the inductance 
of the solid rotor end regions is not taken into account with the 
Russell factor. The influence of this missing rotor inductance 
becomes higher for larger rotor frequencies. 
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Fig. 9.  Slip-Torque characteristic for I = 20A. 
 
To verify the influence of saturation on the accuracy of the 
model, a simulation with phase current 50 A is carried out 
with the rotor surface reaching induction values up to 2 Tesla. 
The slip-torque characteristic is in almost perfect agreement 
with the measurement, especially round the nominal operating 
speed.  
 
 
Fig. 10.  Slip-Torque characteristic for I = 50A. 
 
 
 
V. CONCLUSIONS 
In this paper, a 2D FEM model of a sector motor has been 
presented taking into account 3D end effects of stator end 
windings and rotor end resistivity. The particular longitudinal 
end and transversal edge effects are also considered. 
Simulations of the current-driven Bolte prototype are carried 
out and are found to be a good prediction of the actual torque 
characteristics. The calculated magnetic flux density 
distribution in the airgap is in good agreement with the theory 
of longitudinal end effects. 
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